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Semliki Forest virus-specific polypeptide nsP2 is a nonstructural protein involved in multiple steps during viral RNA
replication. It was recently shown to possess single-stranded RNA-stimulated ATPase and GTPase activities. Replacement
of the highly conserved lysine (Lys-192) within the classical nucleotide-binding motif A/GXXGXGKS/T with asparagine
abolished its NTP-hydrolyzing activity. Also, about half of nsP2 is transported into the nucleus during viral infection. Substitu-
tion of the second arginine in its nuclear localization signal (P648RRRV) with aspartic acid rendered nsP2 totally cytoplasmic.
To assess the functional importance of these sequence motifs, the same mutations were introduced into a cDNA clone of
Semliki Forest virus, from which infectious RNA can be produced in vitro. Transfection of an RNA encoding Lys-192 r Asn
mutation into BHK cells did not promote viral infection. However, revertants encoding the wild-type amino acid were obtained.
Cells transfected with RNA coding for Arg-649 r Asp mutation gave rise to infectious virus termed SFV-RDR. Indirect
immunofluorescence and subcellular fractionation of SFV-RDR-infected cells confirmed the cytoplasmic localization of nsP2.
Measurement of host DNA synthesis late in infection revealed that infection with the parental virus inhibited DNA synthesis
to 10% of control cells. In contrast, infection with SFV-RDR led only to a partial shutoff of cellular DNA synthesis. Mice
experiments indicated that the pathogenicity of SFV-RDR was attenuated. q 1996 Academic Press, Inc.
INTRODUCTION et al., 1994) and guanylyltransferase activities (Ahola and
Ka¨a¨ria¨inen, 1995) required in the capping of viral RNAs.
Semliki Forest virus (SFV), a member of the family To-
nsP4 is thought to represent the elongation factor of the
gaviridae of the genus Alphavirus, is a small enveloped
polymerase complex, and it contains a sequence motifvirus with a single-stranded RNA genome of positive po-
found in many DNA and RNA polymerases (Argos, 1988).larity. The replication of SFV takes place in the cytoplasm
In contrast, little is known about the function of nsP3.where the incoming genomic 42S RNA serves as a mRNA
nsP2 has also a vital function in RNA replication, sincefor the production of one large polyprotein, P1234. P1234
ts mutants with mutations in nsP2 coding sequence dis-is processed by viral proteinases to yield four nonstruc-
play an RNA-negative phenotype (Ka¨a¨ria¨inen et al., 1987;tural proteins, nsP1 to nsP4, components of the viral
Hahn et al., 1989b). It appears that the regulation of 26Sreplication complex (Ka¨a¨ria¨inen et al., 1987; Strauss and
RNA synthesis is carried out by nsP2 (Sawicki et al., 1978;Strauss, 1994). The main precursors seen in infected
Kera¨nen and Ka¨a¨ria¨inen, 1979), and it is also involved incells are P123, and P12 and P34, suggesting that two
the cessation of negative-strand synthesis (Sawicki andalternative processing pathways exist (Takkinen et al.,
Sawicki, 1993). The C-terminal region of nsP2 is homolo-1990, 1991). The replication proceeds via synthesis of
gous to papain-like proteinases and is responsible forthe complementary negative-strand 42S RNA, which is
the processing of the ns polyprotein (Ding and Schle-used as a template for new full-length plus strands, as
singer, 1989; Hardy and Strauss, 1989). The N-terminalwell as for a subgenomic 26S RNA, which codes for the
region of nsP2 contains several amino acid motifs foundcapsid protein and three envelope proteins.
in proteins of the NTPase/helicase superfamily (Gorba-Some of the functions of the individual ns proteins in
lenya and Koonin, 1989; Hodgman, 1988). The first andviral RNA replication have been deduced from studies
second motifs form the A and B sites of the classicalwith the temperature-sensitive (ts) mutants of Sindbis
NTP-binding motif first characterized by Walker et al.virus, a related alphavirus (Hahn et al., 1989a,b). How-
(1982). The consensus sequence proposed for A site isever, the molecular details and the contribution of each
often represented as A/GXXGXGKS/T (where X standsns protein in the synthesis of viral RNAs are still far from
for any amino acid residue) and for B site D or DD/Eresolved. There is direct biochemical evidence that nsP1
(Gorbalenya and Koonin, 1989). We have recently shownhas methyltransferase (Mi and Stollar, 1991; Laakkonen
that SFV nsP2 has NTP-binding activity, as well as capac-
ity to hydrolyze ATP and GTP (Rikkonen et al., 1994).1 To whom correspondence and reprint requests should be ad-
dressed. Fax: /358-0-708 59560. E-mail: rikkonen@operoni.helsinki.fi. Substitution of the conserved lysine (Lys-192) with aspar-
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agine abolished the NTPase activity. Several other pro- responding fragment of pNS2(RDR) (Rikkonen et al.,
1992). A SacI–BglII fragment (nt 1802–6712) of pSP73-teins of positive-strand RNA viruses have recently been
demonstrated to possess nucleic acid-stimulated ns1/4D(RDR), containing the desired mutation, was fur-
ther cloned into SacI- and BglII-treated pSP6-SFV4 toNTPase activity (for references see Rikkonen et al., 1994).
In addition to the replicative function, nsP2 may have obtain pSP6-SFV4(RDR). To obtain a cDNA clone of SFV
with a lysine (Lys-192) to asparagine mutation in theother functions during viral infection. We have previously
shown that about half of nsP2 is transported into the nucleotide binding motif of nsP2 [pSP6-SFV4(GNS)], the
same strategy was used as above using pHAT-ns2/GNSnucleus during infection, whereas other ns proteins, all
derived from the same polyprotein, are found in the cyto- (Rikkonen et al., 1994) as the starting material. The iden-
tity of pSP6-SFV4(RDR) and pSP6-SFV4(GNS) was veri-plasm (Pera¨nen et al., 1990, 1993). Indirect immunofluo-
rescence revealed that nsP2 was often concentrated in fied by sequencing.
nucleoli. Subnuclear fractionation of infected cells
RNA transcription and transfectionshowed that most of nsP2 was associated with the nu-
clear matrix, which has an essential role in the organiza- Plasmids pSP6-SFV4, pSP6-SFV4(RDR), and pSP6-
tion and replication of DNA, transcription, and processing SFV4(GNS) were linearized with Spel and transcribed in
of RNA (van der Velden and Wanka, 1987). The pentapep- vitro with SP6 RNA polymerase as previously described
tide P648RRRV was identified as the core nuclear localiza- (Liljestro¨m et al., 1991). For RNA transfection, BHK cells
tion signal (NLS) of nsP2, and substitution of the second were grown to 10–30% confluency on 100-mm plastic
arginine with aspartic acid rendered nsP2 cytoplasmic dishes and transfected with 10–15 mg of RNA, using
(Rikkonen et al., 1992). In order to study the functional the Lipofectamine kit (GIBCO). Briefly, lipofectamine and
importance of the NTP-binding and NLS motifs of nsP2, RNA were mixed with Optimem 1 (GIBCO), and after 15
I have used the genetic manipulation of pSP6-SFV4, a min of incubation they were added to cells prewashed
cDNA clone of SFV from which infectious RNA can be twice with Optimem 1. The cells were shaken every 15
produced by in vitro transcription (Liljestro¨m et al., 1991). min for 2 hr, after which the mixture was replaced by
The coding sequence of the wild-type nsP2 was replaced MEM (GIBCO) supplemented with 0.2% BSA, 20 mM N-
with that of the two mutant nsP2 proteins (Lys-192 r Asn 2-hydroxyethylpiperazine-N*-2-ethanesulfonic acid (HEPES;
and Arg-649 r Asp), and their effect on viral replication pH 7.2), 2 mM glutamine, 100 IU/ml penicillin, and 100
was studied. mg/ml streptomycin. For immunofluorescence, BHK cells
were plated on coverslips 1 day prior to use, and they
MATERIALS AND METHODS were transfected with 1–2 mg of RNA, as described
above.Cell line
VirusesThe cultivation of baby hamster kidney (BHK-21) cells
has been described elsewhere (Saraste et al., 1977). The propagation of the SFV prototype strain has been
previously described (Kera¨nen and Ka¨a¨ria¨inen, 1974).
Construction of plasmids SFV4 was obtained by transfecting BHK cells with an
RNA transcribed in vitro from pSP6-SFV4. Twenty-fourDNA manipulation and cloning was performed ac-
hours after transfection, the medium was collected andcording to standard methods (Sambrook et al., 1989).
cell debris was removed by low-speed centrifugationIn the following, the numbers of the restriction sites in
(Kera¨nen and Ka¨a¨ria¨inen, 1974). Cells were infected withparantheses refer to those used in Takkinen (1986). To
the virus at low m.o.i., and the second passage of SFV4obtain mutants of SFV, it was necessary to subclone a
was collected and used in further experiments. SFV-RDRfragment of pSP6-SFV4 (Liljestro¨m et al., 1991; a kind
was obtained as described for SFV4. Cells, transfectedgift from P. Liljestro¨m and H. Garoff, Karolinska institute,
with RNA transcribed from pSP6-SFV4(GNS), were incu-Sweden), coding for most of the ns proteins, into pSP73
bated for 2 days before the medium was collected. The(Promega). pSP6-SFV4 is a full-length cDNA clone of SFV,
medium was plaque assayed (Kera¨nen and Ka¨a¨ria¨inen,from which infectious RNA can be transcribed in vitro
1974), and individual plaques were collected. Severalusing SP6 RNA polymerase. pSP6-SFV4 was digested
plaques were used separately to propagate the secondwith EcoRV (nt 277) and BglII (nt 6712), and a fragment,
passage of the virus.coding for most of nsP1 to the middle of nsP4 coding
sequence, was cloned into EcoRV- and BglII-treated
Sequencing
pSP73, from which the EcoRI site had been destroyed,
yielding pSP73-ns1/4D. To obtain a virus with an arginine The RNA of the second-passage viruses was isolated
by phenol extraction and ethanol precipitation. First-(Arg-649) to aspartic acid mutation in the nuclear local-
ization sequence of nsP2, an EcoRI–EcoRI fragment (nt strand cDNA synthesis was performed by AMV reverse
transcriptase according to the protocols supplied by the2183–3761) of pSP73-ns1/4D was replaced with the cor-
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enzyme manufacturer (Promega) using primer A comple- SDS–PAGE were transferred onto a nitrocellulose mem-
brane (Hybond-C-extra; Amersham). Anti-nsP2 antibodymentary to nucleotides 2449–2432 (5*-CAC ATA TAG
GAT GTC CAC-3*) of SFV for SFV-GNS, whereas primer was used as primary antibody followed by swine anti-
rabbit antibody coupled to horseradish peroxidaseB corresponding to nucleotides 3714–3697 (Rikkonen et
al., 1992) was used for SFV-RDR. The ssDNAs were di- (DAKO). The blots were developed with enhanced chemi-
luminescence (ECL; Amersham).rectly used for PCR amplification using primer A and a
primer corresponding to the 5* end of nsP2 with an addi-
In vitro translationtional NcoI site (Pera¨nen et al., 1990) and primer B and
a primer containing nucleotides 3314–3334 with an addi-
The transcripts from Spel-linearized pSP6-SFV4 and
tional NcoI site (Rikkonen et al., 1992) for SFV-GNS and
pSP6-SFV4(GNS) were used for in vitro translation by
SFV-RDR, respectively. The resulting SFV-RDR fragment
rabbit reticulocyte lysate as recommended by the manu-
was digested with NarI, treated with Klenow, digested
facturer (Promega).
with NcoI, and cloned into SmaI- and Ncol-treated pDAT
(J. Pera¨nen et al., unpublished data). Nucleotide se- Measurement of DNA synthesis
quences were determined by the dideoxy chain termina-
Subconfluent BHK cells (500,000 cells per dish) growntion method using the T7 sequencing kit (Pharmacia).
on 60-mm plastic dishes were infected with SFV4 or SFV-The PCR fragment of SFV-GNS was cleaved with SacII
RDR or mock infected at 10 PFU per cell. At 6 or 7 hrand NcoI, blunt-ended, and cloned into EcoRV-digested
postinfection, the cells were incubated for 30 min in apSP73. Several clones were sequenced using either SP6
medium containing 5 mCi of [3H]thymidine (5 Ci/mmol;or T7 primer, depending on the orientation of the insert.
Amersham) per dish. Incorporation was stopped by wash-
Immunofluorescence microscopy ing the cells twice with ice-cold phosphate-buffered saline
containing 50 mM cold thymidine, and the cells were dis-Infected or transfected BHK cells were processed for
lodged by trypsinization. They were collected in microcen-immunofluorescence microscopy using affinity-purified
trifuge tubes and washed once with the same buffer. Theanti-nsP2 antibody (Pera¨nen et al., 1988, 1990), anti-E2
cells were resuspended with PBS, and an equal volumeantibody (Hashimoto et al., 1981), or antibodies raised in
of 10% trichloroacetic acid (TCA) was added. After 30 minrabbits against bacterially expressed and partially puri-
of incubation on ice, the acid-precipitable material wasfied nsP1, nsP3, and nsP4 (Hyvo¨nen et al., unpublished
collected on a glass-fiber filter, washed three times withdata) as previously described (Pera¨nen et al., 1990).
5% TCA and dried, and the radioactivity was determinedSwine anti-rabbit immunoglobulin G conjugated to tet-
by liquid scintillation counting.ramethyl rhodamine isothiocyanate (DAKO, Copenhagen,
Denmark) was used as the second antibody.
One-step growth analysis
Radiolabeling and subcellular fractionation of cells Cells grown on 100-mm dishes were infected with
SFV4 or SFV-RDR at 10 PFU per cell. After 1 hr adsorption,BHK cells grown on 60- or 100-mm plastic dishes were
the cells were washed twice with MEM supplementedinfected with the prototype virus, SFV4, or SFV-RDR, at
with 0.2% BSA, 20 mM HEPES, pH 7.2, 2 mM glutamine,50 PFU per cell. Cells were labeled with [35S]methionine
100 IU/ml penicillin, and 100 mg/ml streptomycin, and 10or [35S]methionine–cysteine (1000 Ci/mmol; Amer-
ml of the same medium was applied to the cells. Atsham) at 100–200 mCi per dish for various times. After
indicated time points, a 300-ml sample of the releasedbeing labeled, the cells were washed twice with phos-
virus was harvested. The cell debris was removed byphate-buffered saline and lysed in 2% hot (607C) SDS,
low-speed centrifugation, and the samples were storedunless fractionated. The nucleocytoplasmic fractionation
frozen at 0707 until plaque assayed in BHK cells. Thewas done under isotonic conditions as previously de-
results are expressed as the means of two independentscribed (Pera¨nen et al., 1990). The mitochondrial pellet
experiments.(P15) and supernatant (S15) fractions were isolated in
RS buffer (10 mM Tris–HCl [pH 8.0], 10 mM NaCl) (Pera¨-
Pathogenesis in BALB/c micenen et al., 1988), and the P15 was resuspended in a
volume equal to that of S15. BALB/c mice were raised at the Central Animal Labo-
ratory of the University of Turku. Groups of five female
Immunoprecipitation and immunoblotting
mice at age 5 to 6 weeks were infected intraperitoneally
(ip) by serial 10-fold dilutions of SFV4 or SFV-RDR in aImmunoprecipitation of SFV nonstructural proteins
with monospecific antibodies has been previously de- volume of 500 ml of Hanks’ balanced salt solution. The
mice were followed for 14 days after inoculation. Thescribed (Pera¨nen et al., 1988). Before immunoprecipita-
tion, the volume of each subcellular fraction was made LD50 was calculated according to Reed and Muench
(1938).equivalent. For immunoblotting, proteins separated by
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RESULTS lowed by PCR amplification and cloning into an appro-
priate vector for sequencing. Several clones were se-
Effect of lysine (Lys-192) to asparagine substitution quenced to avoid errors arising during the PCR proce-
on virus viability dure. The genotype of the virus in three isolated
revertants was a direct reversion of the sequence AATWe have recently shown that SFV nsP2 has single-
(Asn-192) to the sequence AAA (Lys). Wild-type SFV hasstranded RNA-stimulated ATPase and GTPase activities
the AAG codon for Lys-192 (Takkinen, 1986).(Rikkonen et al., 1994). Lysine-192 of the nucleotide bind-
ing motif (GVPGSG192KS) was essential for activity, since
Effect of the mutation in the nuclear localizationa mutant nsP2 protein, with a lysine to asparagine substi-
sequence on virus viabilitytution, showed no detectable NTP-hydrolysis activity. In
order to determine the functional importance of the nu-
We have previously shown that nsP2 is targeted intocleotide binding motif, the coding sequence for the mu-
the nucleus in virus-infected as well as in transfectedtated nsP2 was introduced into the viral cDNA clone,
cells (Pera¨nen et al., 1990). The pentapeptide sequencepSP6-SFV4 (Liljestro¨m et al., 1991). Since undesired mu-
P648RRRV is an essential part of the NLS of nsP2, andtations may occur during the cloning procedure, two in-
substitution of the second arginine with aspartic aciddependent clones of pSP6-SFV4(GNS) were isolated, and
renders nsP2 cytoplasmic (Rikkonen et al., 1992). To seeexperiments were carried out using both cDNAs. The
whether the nuclear localization was essential for virusviability of SFV-GNS virus was tested by the ability of
life cycle, the nsP2 coding sequence of pSP6-SFV4 wascells, transfected with RNA transcribed in vitro from the
replaced with the one coding for aspartic acid at positionlinearized cDNA, to promote viral infection. Transfection
649. When BHK cells were transfected with RNA tran-of BHK cells with pSP6-SFV4 RNA gave rise to cytopathic
scribed from the resulting pSP6-SFV4(RDR) plasmid, iteffect (CPE), whereas RNAs derived from independent
was obvious that the mutant virus was fully infectious.pSP6-SFV4(GNS) clones showed no visible cell damage.
The distribution of viral structural and nonstructural pro-If cells were prepared for immunofluorescence 7 hr post-
teins was observed by indirect immunofluorescence (Fig.transfection, a noticeable proportion of cells transfected
1, and data not shown). As expected, mutant nsP2 waswith the parental RNA were positive for both ns proteins
found in the cytoplasm, as opposed to the nuclear andand envelope protein (data not shown), and after 18 hr,
cytoplasmic distribution of nsP2 derived from the paren-all cells were positive. No staining was observed when
tal pSP6-SFV4, which was identical to that seen in cellscells were transfected with the mutated RNA, not even
infected with the prototype virus used in our laboratoryafter 18 hr of incubation. This result indicated that the
(Kera¨nen and Ka¨a¨ria¨inen, 1974; Pera¨nen et al., 1990).NTPase activity of nsP2 is vital for viral replication. Al-
From such a transfection, a mutant virus stock (SFV-though two different clones were tested, it may be that
RDR) was propagated, and this virus was used in furtherthe null mutants had fortuitous lesions, other than those
experiments. nsP2 was also cytoplasmic in cells infectedintroduced by mutagenesis. Therefore, the mutant and
with SFV-RDR (Figs. 1 and 2A), whereas no differencethe parental RNAs were translated in vitro. Both of them
could be seen in the localization of other viral proteinsproduced all expected ns proteins, suggesting that the
compared to the parental virus (data not shown).long open reading frame of pSP6-SFV4(GNS) was intact
(data not shown). This result supports the conclusion
Subcellular localization of ns proteinsthat pSP6-SFV4(GNS) clones did not contain any muta-
tions other than the desired one.
In addition to the immunofluorescence studies, the
subcellular distribution of nsP2 and other ns proteinsIsolation of viable revertants of SFV-GNS
was studied also by cell fractionation and immunoprecip-
itation. Cells were pulse-labeled with [35S]methionine –Cells transfected with RNA from different pSP6-
SFV4(GNS) clones showed no CPE after 24 hr of incuba- cysteine early during infection (1.5 to 2.5 hr p.i.), when
the ns proteins are maximally synthesized. After 1-hrtion. However, when monolayers of BHK cells were main-
tained for 48 hr, sometimes CPE became visible. Also, chase in a medium containing an excess of unlabeled
methionine and cysteine, the cells were fractionated intosome cells could be stained with antibodies against non-
structural or structural proteins in indirect immunofluo- cytoplasmic and nuclear fractions, as described pre-
viously (Pera¨nen et al., 1990). Under these conditions,rescence (data not shown). If the growth medium was
collected and plaque assayed at 48 hr posttransfection, 40–60% of nsP2 of the prototype SFV is found in the
nucleus, whereas only trace amounts of other ns proteinsplaque formation was evident. Several individual
plaques, from transfections with RNA derived from two are associated with the nuclear fractions. Also, in SFV4-
infected cells, about half of nsP2 was in the nucleus,independent cDNA clones of pSF6-SFV4(GNS), were col-
lected, and a second-passage virus stock was prepared. whereas most of nsP2 was cytoplasmic in SFV-RDR-in-
fected cells, as expected (Fig. 2A). There was no differ-First-strand cDNA from the nsP2 region was made, fol-
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FIG. 1. Localization of nsP2 in BHK cells transfected with in vitro-transcribed RNA (A) from wild-type cDNA clone pSP6-SFV4 or (B) from pSP6-
SFV4(RDR). Cells were infected with a second-passage virus, (C) SFV4 or (D) SFV-RDR, derived from RNA transfections and processed for indirect
immunofluorescence at 5 hr p.i.
ence in the distribution of other ns proteins between tibody and analyzed by SDS–PAGE (Fig. 3). The produc-
tion of the nonstructural polyprotein in SFV-RDR-infectedSFV4- and SFV-RDR-infected cells (data not shown).
In the cytoplasm, nsP2 is distributed equally between cells was remarkably delayed early in infection com-
pared to the prototype- and SFV4-infected cells, and verythe 15,000 g supernatant (S15) and pellet (P15) fractions
(Pera¨nen et al., 1988), which contain all virus-specific little nsP2 was seen even after 30-min chase early in
infection (Fig. 3A). Also, the mutation of Arg-649 to laspar-RNA polymerase activity (Ranki and Ka¨a¨ria¨inen, 1979).
When the cytoplasmic distribution of ns proteins was tic acid in the proteinase domain resulted in a processing
delay of the polyprotein, although it did not inhibit it.analyzed, no difference was observed in the S15/P15
distribution of nsP2 in SFV4- and SFV-RDR-infected cells Later in infection, there was no gross difference in the
production of the ns polyprotein, but still the processing(Fig. 2B) nor in that of other ns proteins (data not shown).
However, in SFV-RDR-infected cells the precursor P12 was slower (Fig. 3B).
The stability of nsP2 was examined by exposing in-was observed even after 1-hr chase, indicating that the
ns polyprotein processing was slower than in SFV4-in- fected cells at 2.5 hr postinfection to [35S]methionine for
30 min followed by a chase for 0, 30, 60, and 120 min.fected cells (see below). Interestingly, the P12 protein
seen in SFV-RDR-infected cells was associated entirely In samples immunoprecipitated with anti-nsP2, the pre-
cursor proteins P12 and P123 were visible only rightwith P15 (Fig. 2B).
after 30-min pulse in prototype- and SFV4-infected cells,
whereas P12 and P123 of SFV-RDR were completely pro-Properties of the nonstructural proteins of SFV-RDR
cessed only within 120 and 60 min, respectively (Fig. 4).
The processing of the ns polyprotein was examined However, the mature nsP2 protein of both viruses was
both early and late in infection. Cells were infected with relatively stable during the 2-hr chase period.
the prototype virus, SFV4, and SFV-RDR at m.o.i. 50 and
Inhibition of host cell DNA and protein syntheseslabeled with [35S]methionine for 10 min at 1 hr 50 min or
at 4 hr postinfection and chased for 0, 10, 20, or 30 min. The inhibition of host DNA synthesis in alphavirus-in-
fected cells is rapid (Simizu, 1984). The effect of the nu-Cell lysates were immunoprecipitated with anti-nsP2 an-
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FIG. 3. Processing of nsP2 (A) early and (B) late in infection. Cells
infected with the prototype virus (lanes 1–4), SFV4 (lanes 5–8), or SFV-
RDR (lanes 9–12) were labeled with [35S]methionine for 10 min (A) at
1 hr 50 min p.i. or (B) at 4 hr p.i., followed by a chase of 0 min (lanes
1, 5, and 9), 10 min (lanes 2, 6, and 10), 20 min (lanes 3, 7, and 11), or
30 min (lanes 4, 8, and 12), after which they were immediately lysedFIG. 2. (A) Distribution of nsP2 between cytoplasm and nucleus. BHK
in hot 2% SDS. Labeled proteins were immunoprecipitated with anti-cells infected with the prototype virus (lanes 2 and 3), with SFV4 (lanes
nsP2 antibody. The positions of ns precursors are indicated.4 and 5), or with SFV-RDR (lanes 6 and 7), were labeled for 1 hr at 1.5
hr p.i. with [35S]methionine–cysteine followed by a 1-hr chase. At 3.5
hr p.i., cells were harvested and fractionated into cytoplasm (including
with Sindbis virus provide strong evidence that the earlyTriton X-114 postnuclear supernatant) (lanes 2, 4, and 6) and nuclei
(lanes 3, 5, and 7). All fractions were immunoprecipitated with anti- events in viral gene expression are essential for this
nsP2 antibody. Lane 1 contains molecular mass marker (from the top phenomenon (Frolov and Schlesinger, 1994). The shutoff
200, 92.5, 69, and 46 kDa). (B) Cytoplasmic distribution of nsP2 in the of cellular protein synthesis was studied in cells infected
S15 (lanes 1 and 3) and P15 (lanes 2 and 4) fractions of cells infected
with SFV4 and SFV-RDR. Cells were infected at 10 PFUwith SFV4 (lanes 1 and 2) or SFV-RDR (lanes 3 and 4). Infected cells
per cell, and the incorporation of [35S]methionine intowere labeled with [35S]methionine for 1 hr at 2.5 hr p.i. followed by a
chase from 3.5 to 4.5 hr p.i. Cells were lysed in a hypotonic buffer, and proteins was analyzed by SDS–PAGE late in infection (6
cytoplasm was fractionated into S15 and P15.
clear localization of nsP2 on DNA synthesis was examined
in SFV4, SFV-RDR, or mock-infected BHK cells. Since there
was a delay in the production of viral proteins early in the
infection in SFV-RDR-infected cells, DNA synthesis was
studied late in infection. Cells were exposed to [3H]-
thymidine for 30 min at 6 hr p.i., and the radioactivity of
the TCA-insoluble fraction was measured. Consistent with
earlier results with other alphaviruses (Simizu, 1984), host
DNA synthesis of SFV4-infected cells was decreased to
13% of the control cells. However, in cells infected with
SFV-RDR, it was 49% of noninfected cells, and even at 7
hr p.i. it was still 45% of the control cells. Immunoblotting
of cell samples, collected at an equivalent time point (6
hr 30 min p.i.), and quantitation by densitometric tracings
FIG. 4. Stability of nsP2 in BHK cells infected with the prototype virusrevealed that the amount of nsP2 in SFV-RDR-infected
(lanes 2–5), SFV4 (lanes 6–9), or SFV-RDR (lanes 10–13). Infectedcells was about 75% of that observed in SFV4-infected
cells were labeled for 30 min at 2.5 hr p.i. and chased for 0 min (lanescells (Fig. 5). The processing intermediate P12 was also
2, 6, and 10), 30 min (lanes 3, 7, and 11), 60 min (lanes 4, 8, and 12),
seen in SFV-RDR-infected cells. or 120 min (lanes 5, 9, and 13), and cell lysates were immunoprecipi-
Host protein synthesis is also efficiently inhibited in tated with anti-nsP2 antibody. Molecular mass markers in lane 1 are
as in Fig. 2.alphavirus-infected cells (Simizu, 1984). Recent results
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and Koonin, 1989). We have recently shown that nsP2
has ATPase and GTPase activities stimulated in the pres-
ence of single-stranded RNA (Rikkonen et al., 1994). Sub-
stitution of the highly conserved lysine-192 with aspara-
gine abolished NTP hydrolysis. The importance of the
lysine residue in NTPase activity has also been shown
for e.g., eukaryotic initiation factor 4A (Pause and So-
nenberg, 1992) and poliovirus 2C (Mirzayan and Wimmer,
1994). The results reported here show that mutation of
Lys-192 of nsP2 is lethal for virus growth. However, it
was possible to isolate viable revertants with the same
site reversion, suggesting that a minimum level of RNAFIG. 5. Immunoblotting with anti-nsP2 antibody of infected cells lysed
replication takes place. In poliovirus, the equivalent mu-in hot 2% SDS at 6.5 hr p.i. Cells were either mock infected (lane 1) or
tation (Lys-135 r Gln) in the 2C protein, which is impli-infected at m.o.i. 10 with SFV4 (lane 2) or with SFV-RDR (lane 3). The
positions of nsP2 and P12 are indicated. cated in viral RNA replication by genetic studies (Rich-
ards and Ehrenfeld, 1990), was also lethal and led to no
detectable levels of RNA synthesis, when measured with
hr p.i.) to avoid the effect of the delay seen in the produc- a probe specific for plus-strand synthesis (Mirzayan and
tion of viral proteins earlier in infection. SDS–PAGE anal- Wimmer, 1992; Teterina et al., 1992). The systematic ap-
ysis of total cell lysates showed that, in cells infected pearance of revertants was highly indicative of a residual
with SFV4, host protein synthesis was almost completely low level of replication in the poliovirus mutant, too. At
ceased by 6 hr p.i., and an approximately equal effect the moment, it is not known whether the lysine-192 of
was observed in SFV-RDR-infected cells (data not nsP2, and thus NTPase activity, is critical for the synthe-
shown). At 6 hr p.i., viral structural proteins were pro- sis of negative strands or positive strands or both. Polio-
duced equally effectively by SFV4 and SFV-RDR. virus RNA-dependent RNA polymerase 3Dpol can promote
the synthesis of minus strands in vitro in the absence of
One-step growth analysis of SFV4 and SFV-RDR
2C, suggesting that the NTPase/helicase activity is not
necessary for that step of replication of positive-strandNext, we examined the growth of SFV4 and SFV-RDR
RNA viruses (Richards and Ehrenfeld, 1990).viruses by infecting cells at m.o.i. 10 (Fig. 6). At various
times postinfection, a sample of the growth medium was
collected and analyzed for extracellular virus by plaque
titration. As can be seen, there is a slight lag in the
growth of SFV-RDR at 4 –6 hr p.i. but the overall yields
of the two viruses were the same.
Pathogenicity of SFV4 and SFV-RDR
In order to see whether there is any difference in the
pathogenicity of SFV4 and SFV-RDR in animals, groups
of five BALB/c mice (six in one case) at age 5 to 6 weeks
were inoculated intraperitoneally by serial 10-fold dilu-
tions of the two viruses in two independent experiments.
The survival of mice was followed for 14 days. Results
of these experiments are shown in Table 1. None of the
mice infected with SFV-RDR died and they were looking
healthy, whereas the LD50 of SFV4 was estimated to be
1.3 1 104 and 6.0 1 104 PFU in experiments 1 and 2,
respectively (Reed and Muench, 1938).
DISCUSSION
In this paper, I have analyzed the functional impor-
tance of two well-characterized sequence motifs of SFV
nsP2. The first one is the A site of the classical nucleo-
FIG. 6. Growth of SFV4 and SFV-RDR in BHK cells. Cells were in-
tide-binding motif G/AXXGXGKS/T (GVPGSG192KS in fected at 10 PFU per cell and samples for virus titration were collected
nsP2) found in a family of proteins with NTP-binding and/ at different times postinfection. The results are expressed as the means
of two independent experiments.or -hydrolyzing capacity (Walker et al., 1982; Gorbalenya
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TABLE 1
Pathogenicity of SFV4 and SFV-RDR
Experiment 1 Experiment 2
SFV4 SFV-RDR SFV4 SFV-RDR
PFU of Mortality PFU of Mortality PFU of Mortality PFU of Mortality
virus ratio virus ratio virus ratio virus ratio
1.7 1 106 4/5 105 0/5 107 4/5 108 0/5
1.7 1 105 4/5 104 0/5 106 5/5 107 0/5
1.7 1 104 4/6 103 0/5 105 5/5 106 0/5
1.7 1 103 2/5 102 0/5 104 1/5 105 0/5
1.7 1 102 1/5 101 0/5 103 0/5 104 0/5
102 0/5 103 0/5
Note. Groups of five female mice (six in one case) at age 5 to 6 weeks were inoculated with indicated amounts of SFV4 or SFV-RDR virus
intraperitoneally and followed for survival for 14 days. Mortality ratio describes how many of the mice died. Two independent experiments were
performed.
The second motif analyzed represents the nuclear lo- infection proceeded, accumulation of final cleavage
products eventually resulted in increasing amounts ofcalization signal of nsP2. It was previously shown by cell
fractionation of infected cells that about half of nsP2 is plus strands (both 42S and 26S), and the mutant virus
reached the normal rate of infection. Consistent with thistransported into the nucleus during viral infection (Pera¨-
nen et al., 1990). Substitution of the second arginine with is the finding that SFV-RDR-infected cells labeled at 2.5
to 3.5 hr p.i. produced equal amounts of ns proteinsaspartic acid within the core NLS of nsP2, P648RRRV,
abolished nuclear accumulation of nsP2 (Rikkonen et although at 2 hr p.i. very little ns protein was seen when
compared to cells infected with the parental virus.al., 1992). The same mutation was transferred into the
infectious clone of SFV (Liljestro¨m et al., 1991), and a In alphavirus-infected cells, host protein, RNA, and
DNA syntheses are rapidly inhibited (Simizu, 1984). Sev-virus stock (SFV-RDR) was propagated. SFV-RDR was
fully viable showing that the nuclear localization of nsP2 eral mechanisms have been proposed for the alphavirus-
induced shutoff of protein synthesis (Strauss andis not vital for virus growth, a finding that was not surpris-
ing since it has been reported that SFV can grow in Strauss, 1994). Recent studies using Sindbis replicons
showed that host shutoff occurs under conditions inenucleated mammalian cells (Follet et al., 1975).
The mutation of Arg-649 also affected the proteinase which neither viral subgenomic RNA nor any of the struc-
tural proteins are synthesized (Frolov and Schlesinger,activity of nsP2, which resides in the C-terminal region
(Hardy and Strauss, 1989; Takkinen et al., 1991). The 1994), strongly suggesting that the early events (RNA
replication or ns proteins) are essential for inhibition tomutation is not in the close vicinity of the putative active
site residues Cys-478 and His-548, which are absolutely take place. No prominent difference was observed in the
inhibition of host protein synthesis between SFV4 andrequired for the activity of Sindbis nsP2 (Cys-481 and
His-558 of Sindbis nsP2) (Strauss et al., 1992). However, SFV-RDR, indicating that nuclear nsP2 is not involved
in this process. In contrast, host DNA synthesis wastemperature-sensitive mutants of Sindbis virus, with a
defect in the ns polyprotein processing, have been decreased only to about 50% at 6 hr p.i. by SFV-RDR (and
to 45% at 7 hr p.i.), whereas in SFV4-infected cells, it wasmapped to a broad region within the C-terminus of nsP2
(Hahn et al., 1989b; Sawicki and Sawicki, 1993), indicat- 13% of control cells, a value which has also been re-
ported for Sindbis virus (5–7 hr p.i.) (Atkins, 1976). Iting that the whole region is important for efficient proteo-
lytic processing. It has been shown that a trans cleavage seems improbable that such a noticeable difference
would result from the slightly decreased amount of nsP2of P123 is required to initiate the processing cascade
(Hardy and Strauss, 1989; Shirako and Strauss, 1990), found in SFV-RDR-infected cells at that time point. This
result suggests that nuclear nsP2 plays a role in cessa-and fully processed final products are required for effi-
cient plus-strand synthesis (Shirako and Strauss, 1994). tion of cellular DNA replication.
At the moment, the mechanism by which alphavirusesIn SFV-RDR-infected cells, there was a delay in the onset
of viral protein synthesis. This can be explained if one inhibit host DNA synthesis is not known. Koizumi et al.
(1979a,b) have isolated a factor, with NTP-hydrolyzingassumes that the Arg-649 r Asp mutation affected espe-
cially this trans cleavage leading to decreased levels of capacity, from Western equine encephalitis virus (an-
other alphavirus)-infected cells, which inhibited DNA syn-plus-strand (42S) synthesis, i.e., there would be less
mRNA encoding ns proteins available for translation. As thesis in vitro. It has been reported that NDPs are strong
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Frolov, I., and Schlesinger, S. (1994). Comparison of the effects ofinhibitors of dTMP kinase (Kielley, 1970). Thus, it has
Sindbis virus and Sindbis virus replicons on host cell protein synthe-been suggested that NDPs, accumulating due to the viral
sis and cytopathogenicity in BHK cells. J. Virol. 68, 1721–1727.
NTPase activity, block the synthesis of dTTPs, leading Glasgow, G. M., Sheahan, B. J., Atkins, G. J., Wahlberg, J. M., Salminen,
eventually to inhibition of DNA synthesis (Simizu, 1984). A., and Liljestro¨m, P. (1991). Two mutations in the envelope glycopro-
tein E2 of Semliki Forest virus affecting the maturation and entrySo far, we do not know whether the NTPase activity of
patterns of the virus alter pathogenicity for mice. Virology 185, 741–nsP2 is critical for the shutoff of host DNA replication.
748.As a protein associated with the nuclear matrix, which
Gorbalenya, A. E., and Koonin, E. V. (1989). Viral proteins containing
is the site of DNA replication, nsP2 may affect DNA syn- the purine NTP-binding sequence pattern. Nucleic Acids Res. 17,
thesis by an unknown mechanism. It is also possible 8413–8440.
Hahn, Y. S., Grakoui, A., Rice, C. M., Strauss, E. G., and Strauss, J. H.that the proteinase activity of nsP2 has a role in this
(1989a). Mapping of RNA0 temperature-sensitive mutants of Sindbisphenomenon. Since DNA replication was partially inhib-
virus: Complementation group F mutants have lesions in nsP4. J.ited by SFV-RDR, it seems probable that multiple mecha-
Virol. 63, 1194–1202.
nisms are involved in this process. Hahn, Y. S., Strauss, E. G., and Strauss, J. H. (1989b). Mapping of
Experimentally, SFV causes encephalitis when in- RNA0 temperature-sensitive mutants of Sindbis virus: Assignment of
complementation groups A, B and G to nonstructural proteins. J. Virol.jected into mice by any route. It has been widely used
63, 3142–3150.as a model to study virus-induced central nervous system
Hardy, W. R., and Strauss, J. H. (1989). Processing the nonstructuraldisease. My results indicated that there is a clear differ-
polyproteins of Sindbis virus: Nonstructural proteinase is in the C-
ence in the pathogenicity of SFV4 and SFV-RDR in adult terminal half of nsP2 and functions both in cis and in trans. J. Virol.
mice. The LD50 (ip) of SFV4 was estimated to be 1.3 1 63, 4653–4664.
Hashimoto, K., Erdei, S., Kera¨nen, S., Saraste, J., and Ka¨a¨ria¨inen, L.104 and 6.0 1 104 PFU in two independent experiments,
(1981). Evidence for a separate signal sequence for the carboxy-values similar to the one reported earlier (Glasgow et
terminal envelope glycoprotein E1 of Semliki Forest virus. J. Virol.al., 1991). None of the mice infected with SFV-RDR died
38, 34–40.
(highest dose tested was 108 PFU). Usually, the differ- Hodgman, T. C. (1988). A new superfamily of replicative proteins. Nature
ences in virulence induced by alphaviruses have been (London) 333, 22–23.
Ka¨a¨ria¨inen, L., Takkinen, K., Kera¨nen, S., and So¨derlund, H. (1987).assigned to changes in the structural proteins (Strauss
Replication of the genome of alphaviruses. J. Cell Sci. Suppl. 7, 231–and Strauss, 1994). In SFV-RDR, there is only a single
250.amino acid change in the nsP2 coding sequence. It is
Kera¨nen, S., and Ka¨a¨ria¨inen, L. (1974). Isolation and basic characteriza-
possible that the slight delay in the onset of viral replica- tion of temperature-sensitive mutants from Semliki Forest virus. Acta
tion allows the immune system to attack before a fatal Pathol. Microbiol. Scand. B 82, 810–820.
Kera¨nen, S., and Ka¨a¨ria¨inen, L. (1979). Functional defects of RNA-nega-threshold of neuronal damage is reached, or the attenua-
tive temperature-sensitive mutants of Sindbis and Semliki Foresttion may result from the exclusion of nsP2 from the nu-
virus. J. Virol. 47, 505–515.cleus. Studies to differentiate between these two possi-
Kielley, R. K. (1970). Purification and properties of thymidine monophos-
bilities are in progress. phate kinase from mouse hepatoma. J. Biol. Chem. 245, 4204–4212.
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